ination of the cell membrane is triggered, and the resultant photosynthetic membrane system, designated the intracytoplasmic membrane (ICM), is induced (25) . The ICM contains all of the structural and functional components of the photosynthetic apparatus, permitting R. sphaeroides to convert captured light energy into chemical energy (4) .
R. sphaeroides can also grow anaerobically in the dark in the presence of an alternative electron acceptor, such as dimethyl sulfoxide (DMSO) (61) . Under these conditions, synthesis of the ICM, although induced, is gratuitous for cell growth.
Associated with the ICM are three distinct bacteriochlorophyll a pigment-protein complexes: the photochemical reaction center (RC) complex (44) and two functionally and spectrally distinct light-harvesting (LH) complexes. The latter two are designated the B800-850 and B875 spectral complexes (10, 12) . B800-850 and B875 are each able to entrap light energy and transfer the resultant exciton energy to the RC, which can also entrap light energy directly; with B800-850, transfer through the B875 complex appears to be obligatory (38) . Not only is the induction of the ICM regulated by oxygen, but also the cellular abundance and composition of the ICM are regulated by the light intensity incident to the growing culture (27) .
Recently, Lee (49) . R. sphaeroides strains were grown at 30°C in Sistrom's minimal medium supplemented with succinate as a carbon source (13) . Tetracycline, streptomycin, spectinomycin, and kanamycin were added at 1, 50, 50, and 25 ,ug/ml, respectively, to R sphaeroides cultures. These antibiotics were used at 20, 50, 50, and 25 ,ug/ml, respectively, for E. coli cultures. Ampicillin was used at 150 p.g/ml and chloramphenicol was used at 25 pug/ml for E. coli cultures.
R sphaeroides cultures were grown as described previously (15, 17) . pUI1637 and pUI1638 contain Ql cartridges conferring resistance to kanamycin and to streptomycin and spectinomycin, respectively. These cartridges were excised from pHP45flkm and pHP45Ql (45) and cloned into pUI1188. pUI1188 was constructed by M. Wood (57a) . It is a pBluescript IIKS derivative containing two polylinkers repeated tandemly in the same orientation. Both Ql cartridges were cloned at the Asp718 site between the polylinkers in pUI1188. In this way, the Kmr as well as the Smr Spr cartridge can be excised from these vectors with a single enzyme digestion by use of any of the sites in the polylinkers.
Molecular techniques. Standard techniques were used for plasmid isolation, restriction endonuclease digestion, isolation of DNA fragments from gels, ligations, and other molecular biological methods (3, 37, 49) . Deletion clones for sequencing were prepared in both orientations with respect to the insert by use of an exonuclease-mung bean nuclease deletion kit from Stratagene (La Jolla, Calif. (33) . The program Peptidestructure was used to predict the folded structure of prrA.
Genetic techniques. Plasmid DNA was mobilized into R. sphaeroides by conjugation by use of variations of previously described techniques (15, 55) with K2TeO2 to select against E. coli (40). In some experiments, DH51tphe was used as the donor instead of DH5a. Thus, the need to supplement Sistrom's minimal medium with K2TeO2 could be bypassed, since the former strain is an auxotroph.
RNA isolation and Southern, Northern (RNA), and slot blot hybridization techniques. RNA was isolated from cells grown both chemoheterotrophically and anaerobically in the dark. The cell densities at the time of collection were approximately 2 x 108/ml and 5 x 108 to 6 x 108/ml, respectively. RNA was isolated and assayed as described previously (11, 62) . For Northern blots, RNA was separated electrophoretically on agarose-formaldehyde gels (37) (18) . Southern hybridizations were performed as described previously (17) with nylon membranes, and the DNA was bound to the membranes with a UV cross-linker.
Analytical techniques. ,-Galactosidase assays were performed as already described (30) . All (27, 38 (Fig. 1B) . Thus Fig. 3A (see Fig. 1 for controls). pLK-1 contains a puc::aph fusion which places a promoterless aph gene from Tn9O3 under the control of the puc regulatory region (Table 1) prrA. The bar represents an absorbance value of 0.14. Finally, two ATG translation initiation codons were found upstream of the ATG indicated in Fig. 4 (14) . Sequences from 3 to 6 were interrupted after the conserved lysine residue, since further homology to prrA was not found. The highly conserved aspartic acid and lysine residues are boxed. All the residues conserved in the response regulators shown are indicated by asterisks. The numbers indicate the spaces assigned by the aligning program, which places periods for alignment purposes. PrrA has 184 amino acids. conditions, when the expression of puc is normally much higher. However, it should not go unnoticed that there is still discernible expression of thepuc operon under both conditions of growth, suggesting additional regulatory elements.
To further elucidate the effect of prrA on puc operon expression, prrA was placed in both PRRA1 and wild-type cells containing pCF200Km. Growth and sampling were exactly as indicated above, and the results are shown in Table 2 . When both PRRA1(pUI1621) and 2.4.1(pUI1621) were grown aerobically, they showed 17-and 2.8-fold increases in lacZ expression, respectively, when compared with the mutant and the wild-type containing only pCF200Km (Table 2) . When the cells were grown anaerobically, PRRA1(pUI1621) showed an approximate fourfold increase in the expression of lacZ, whereas 2.4.1(pUI1621) showed expression that was approximately 65% of the control level. Therefore, the presence of prrA in multiple copies complemented the mutation in PRRA1 by increasing the expression of thepuc operon under both aerobic and anaerobic conditions of growth. It even increased the expression ofpuc in a wild-type background in the presence of oxygen, although anaerobic, dark growth of the wild-type strain was not as responsive to extra copies ofprrA as was that of the mutant strain. The results of a control experiment involving pCF200Km with pRK415 lacking insert DNA were similar to those obtained with constructions containing only pCF200Km.
When the role ofprrA was measured with pCF250Km, which contains only the puc downstream regulatory sequence (DRS) (29) , it was observed that under aerobic conditions, the ,B-galactosidase activity of 2.4.1 was approximately threefold higher than that of PRRA1, whereas under anaerobic conditions, this difference increased to approximately fivefold. Thus, prrA regulates the expression of pCF25OKm in a fashion similar to that of pCF200Km, although the level of expression is decreased. Further examination of these results shows an unmistakable induction of puc operon expression when cells are grown anaerobically compared with aerobically, although the induction level is clearly diminished in prrA cells. Therefore, in addition to the role of PrrA as an activator of puc operon expression, other elements are involved in regulating puc expresion (29; also see below).
Phenotypic effect ofprrA present in multiple copies in trans. As shown in Table 2 , the presence ofprrA in multiple copies in wild-type cells increased the expression of thepuc::lacZ fusion.
To investigate this phenomenon, 2.4.1 and PRRA1 cells were grown in high levels of oxygen (15) in the presence and absence of pUI1621. The cells were collected at 16 to 20 Klett units, ensuring high oxygenation of the culture, and analyzed spectrophotometrically; the results are shown in Fig. 3B . Whereas the spectra for 2.4.1 and PRRA1 cells revealed the characteristic lack of spectral complexes inherent to cells grown at 30% oxygen (see Fig. 1 for controls) , when prrA was present in multiple copies in trans in wild-type cells, there were approximately 1.5 and 9.0 nmol of B800-850 and B875 spectral complexes, respectively, per mg of crude membrane protein.
The corresponding values were 0.8 and 5.0 nmol/mg, respectively, in PRRA1 cells when prrA was present in trans. In both cases, little B800-850 complex was present, yet pCF200Km showed a high level of expression of the puc operon. This somewhat paradoxical finding is readily reconciled by the fact that the ultimate cellular level of spectral complexes is controlled at the posttranslational level (31, 41, 51) .
pRK415 has been shown to exist in R. sphaeroides in four to six copies per cell (15) . The excess dosage ofprrA appears to be responsible for the presence of photosynthetic complex formation in cells grown aerobically. The reason why the levels of the complexes were lower in the PRRA1 background could be explained in two ways: (i) the extra copy of prrA in the chromosome of 2.4.1, which is inactivated in PRRA1, is responsible for the difference, or (ii) mutant PrrA can compete with wild-type PrrA, impeding its function. If we assume that the active form of PrrA is a dimer, and given the gene dosage described, we would anticipate a 36% decrease in complex formation, close to the values measured. This possibility is currently under investigation.
Analysis of mRNA levels for puf, puc, and cycA in 2.4.1 and PRRA1 cells by Northern blot hybridization. The expression of the puc::lacZ transcriptional fusion present on pCF200Km was severely depressed in PRRA1 cells grown aerobically or anaerobically. Because the puc::lacZ fusion is present in multiple copies, a correlation between the expression of 3-galactosidase as regulated from the puc operon versus other operons expressing photosynthetic gene activities may not be totally valid; therefore, analysis of mRNA levels corresponding to the puc, puf, and cycA operons was undertaken. The results are shown in Table 3 . Quantitation of the level of rRNA present in each lane was used as a normalization factor for each transcript, since differences in the levels of RNA applied, running conditions, and measurements can contribute to slight differences in the results, and is a recommended approach for obtaining comparative results. All values were then normalized to the value for wild-type cells grown anaerobically in the dark in the presence of DMSO, which was arbitrarily set at 100.
Several transcripts encoding cycA have been mapped (35) , two of these (740 and 900 to 920 nucleotides) being the most abundant (8, 35) . When the levels of these two transcripts were measured in 2.4.1 and PRRA1, it was observed that the levels of the large transcript decreased to approximately 13 and 21% of the wild-type levels, under chemoheterotrophic and anaerobic, dark growth conditions, respectively. On the other hand, the small transcript showed little variation under either growth condition (Table 3 and Fig. 6) .
Two major transcripts, of approximately 0.5 and 2.7 kb, are encoded by the puf operon of R sphaeroides (28) . When cells were analyzed for a puf-specific message, it was found that chemoheterotrophically grown PRRA1 cells produced 30% of the amount of the small, 0.5-kb transcript produced by wild- type cells. Under anaerobic, dark growth conditions, the mutant cells showed only 9% of the cellular abundance of the small transcript and only 17% of that of the large transcript.
Northern blot hybridization analysis of puc operon expression has identified two transcripts, of 0.5 and 2.3 kb (31); the small transcript is approximately 200-fold more abundant than the large transcript. When bulk RNA isolated from R. sphaeroides 2.4.1 and PRRA1 cells was examined with puc-specific probes, it was found that chemoheterotrophically grown PRRA1 cells produced approximately 30% of the wild-type level of the small puc transcript and that, under anaerobic, dark conditions, PRRA1 cells produced only 10% of the wild-type level of the small puc-specific transcript.
Thus, the results for cycA, puf, and puc indicate that prrA is a positive regulator which acts at the transcriptional level in response to oxygen; for cycA, it appears to act mainly on the 900-to 920-nucleotide transcript, the transcript showing the greatest fluctuation with respect to oxygen (8 the extent of the effect of prrA on both the puf and the puc operons is similar and, when compared with the results obtained with the puc::lacZ fusion, the results are equivalent, although this need not be true (30) .
Analysis of mRNA levels for puhA and hemnA in 2.4.1 and PRRA1 cells by slot blot hybridization. mRNA levels were quantitated by use of riboprobes, and values were normalized to that for wild-type cells grown anaerobically in the dark in the presence of DMSO, which was set at 100. The results are shown in Table 3 . When bulk RNA isolated from 2.4.1 and PRRA1 cells was analyzed with a hemA-specific riboprobe (42), little difference was found between wild-type and PRRA1 cells under both conditions of growth. These data suggest that prrA does not regulate the transcription of hemA under the conditions studied. However, it has been shown that the transcription of hemA increases approximately three-to fivefold between chemoheterotrophic and photoheterotrophic growth (42) .
When PRRA1 cells were grown chemoheterotrophically, they produced approximately 67% of the wild-type level of puhA-specific mRNA. On the other hand, PRRA1 cells grown anaerobically in the dark produced only 15% of the wild-type transcript level. Thus, prrA positively regulates the transcription of puhA under anaerobic, dark conditions, although its role in puhA transcription in the presence of oxygen is much less evident. In fact, there appears to be a strong basal level of puhA transcription which is independent of PrrA activation and which is consistent with the approximate threefold excess of the H polypeptide over the M polypeptide of the reaction center in cells grown aerobically (57) . We previously showed (16) a Cells were grown chemoheterotrophically, sparged with a mixture of 97% N2, 2 to 3% 02, and 1% CO2. The amounts of LH complexes were determined as described previously (27) . ND, none detected. spectra obtained were similar for the three strains, and they were characteristic for anaerobically grown cells (data not shown).
In contrast, when the cells were grown at low partial pressures of oxygen (2 to 3%), significant differences appeared. These data are shown in Table 4 . When taken together, data for the two truncated mutant strains provide several important conclusions. Regardless of cell density and oxygen levels, the truncated forms of PrrA interfere with the expression of photosynthesis gene expression in the presence of a normal copy of prrA in the chromosome. Under conditions of partial expression, formation of the B800-850 complex is more severely affected than is that of the B875 complex. Other data would lead us to believe that the more severe effect is at the posttranslational level (41) . These results also strengthen our conclusion made earlier, that the PrrA gene product may be effective as a dimer (although other explanations are possible), and are most readily compatible with PrrA being involved in the activation of photosynthesis gene expression.
Isolation of mutations in the prrA gene. When T4(pUI1621) was plated aerobically on tetracycline, independent mutants arose spontaneously and appeared nonpigmented. They were purified, and the plasmids were isolated, transformed into DH5caphe, and eventually placed back into T4 cells. These mutants were also cured of the plasmids by being grown in the absence of tetracycline, and pUI1621 was reintroduced to determine whether the mutations responsible for the loss in pigmentation had occurred on the plasmids or in the genome.
Only mutations localized to the plasmids are considered here.
Plasmids that failed to complement T4 cells were used for DNA sequence analysis of the prrA gene with six oligonucleotides that had been designed to cover the complete 0.8-kb insert in pUI1621 and whose sequences are shown in Materials and Methods. When these templates were sequenced, one mutation, GGG to GAG, which causes the change Gly-71-->Glu, occurred on 14 occasions. It was designated PRRA2. A second mutation, CTT to CCT, which caused the change Leu-16-->Pro, was found four times. It was designated PRRA3. Both mutations occurred in the conserved amino terminus of the protein, which is common to all response regulators. They are shown in Fig. 4 The effects ofprrA on both puf and puc were similar and more pronounced than the effects on puhA and the large transcript of cycA, which were also similar to each other.
In the absence ofprrA, anaerobic expression decreased by a factor of 10 or more, whereas aerobic expression only decreased by a factor of 3. These data unequivocally indicate that prrA is involved in the control of photosynthesis gene expression in response to oxygen. Additionally, when expression of thepuc::lacZ fusion in pCF25OKm was monitored, it was found that regulation by PrrA persisted even in the absence of the upstream regulatory sequence in the puc regulatory region. This result strongly suggests that regulation by PrrA is exercised on the DRS of the puc operon. A region centered at approximately -76 has been suggested to be an activator binding site in the DRS (32) . However, the fact that a residual threefold level of induction of puc operon expression was still present in the absence of active PrrA suggests an additional mode of regulation in response to oxygen. Lee (9) . This protein forms multimers, and the interaction between the subunits provides it with DNA-binding capability. Thus, PrrA might still be able to bind DNA by using a similar strategy. Data presented here could be interpreted to suggest that PrrA acts as a dimer (multimer). Alternatively, PrrA could interact with another protein which, in turn, could bind DNA (7) .
Wild-type cells growing aerobically produced photosynthetic complexes when prrA was present in multiple copies. This result is consistent with increased levels of PrrA yielding partial activity under aerobic conditions. The 13-galactosidase results also confirmed this hypothesis and reinforced the suggestion that PrrA might be active as a dimer. Moreover, this observation is also consistent with results obtained by providing a higher number of copies of regulators in other twocomponent regulatory systems (46, 48) .
We exploited the inability of PrrA-cells to grow at 10 W/m2 to obtain revertants that were able to grow photosynthetically. The ability to isolate revertants is consistent with there being another member of the pathway which activates photosynthesis gene expression; alternatively, these mutants could reflect the presence of an alternative signal transduction pathway which is capable of activating photosynthesis gene expression. The fact that in the absence of a functional prrA gene there remained low-level aerobic and anaerobic gene expression, as well as an oxygen effect, although greatly diminished, suggests that the activation of gene expression by other sensory transduction systems is possible.
In the photosynthetic bacterium R. capsulatus, the response regulator RegA is involved in oxygen sensing (5) . The high degree of similarity between PrrA and RegA would suggest that both oxygen-sensing systems might be structurally and functionally very similar. However, there is also an increasing amount of data which suggest significant differences between the two systems. For example, whereas R. capsulatus RegAmutants have appreciable amounts of photosynthetic complexes in their membranes when grown anaerobically, R. sphaeroides PrrA -cells are totally devoid of such complexes (Fig. 1) . Moreover, R capsulatus can grow photosynthetically at medium to high incident light intensities with a mutant RegA, whereas R. sphaeroides cannot grow with a mutant PrrA under the same conditions. Thus, parallel studies on the oxygen-sensing signal transduction pathway in both species might reveal different aspects of regulation in otherwise similar systems. These data provide an explanation for the earlier observation that in the presence of oxygen, R. capsulatus contains spectral complexes and R sphaeroides does not (27) .
There are other examples of two-component regulatory systems that sense oxygen in prokaryotes. In E. coli, the sensor ArcB has been proposed to sense oxygen by detecting the level of either an electron transport component in a reduced form or a nonautoxidatable compound linked to electron transport by a redox reaction (24) . In Rhizobium meliloti, FixL is a sensor protein which senses oxygen through a heme-binding oxygensensing domain (39) . Both systems show differences in the way that they sense oxygen; it is clear that physiological differences in bacterial life-styles are responsible for the different mechanisms observed.
On the basis of the data presented, the following working hypothesis is proposed for the signal transduction mechanism in response to oxygen involving prrA in R sphaeroides. In the absence of oxygen, PrrA is phosphorylated by its putative cognate kinase, and it acquires a fully active conformation. As such, it mediates transcriptional activation of photosynthesis genes. In the case of the puc operon, the putative repressor(s) acting on the DRS is inactivated, and PrrA is believed to act through the DRS. In the presence of high concentrations of oxygen, the putative kinase is unable to transfer the phosphate to PrrA, either because the kinase is nonphosphorylated or phosphorylated but locked into a conformation that prevents transfer. Under these conditions, PrrA is only marginally active, possibly via phosphorylation through a second kinase, either specifically (1) or nonspecifically (43) . The presence of active repressor molecules maintain the "off" state. The presence of the regulator in multiple copies under conditions of high oxygen levels partially relieves this phenotype by increasing the number of targets for marginal phosphorylation and hence partial activation in the presence of an active repressor.
This situation is consistent with the previously described epistatic effect exercised by the regulator present in multiple copies on mutants with an inactive kinase. Finally, the transition from high levels of oxygen to the absence of oxygen involves a phase of low oxygen tension, in which the PrrA putative cognate kinase becomes increasingly active. This activity is sufficient to allow induction of the ICM, but not high enough to make the system impervious to the presence in multiple copies of a mutant truncated regulator molecule which can dissipate the moderate output of a non-fully active kinase. This situation is not remedied until the kinase becomes fully active, upon oxygen depletion from the growth medium, at which point a sufficient concentration of wild-type PrrA molecules would also be phosphorylated, even in the presence of the truncated mutants. Under these conditions, repressor molecules either are not formed or are inactivated. Thus, for R. sphaeroides we need not invoke a superoperonal model (22) to account for basal-level transcription in the presence of oxygen. It is clear that the study of the puc operon documented here unambiguously demonstrates, by use of either lacZ transcriptional fusions or direct mRNA measurements, that oxygeninsensitive transcription is an inherent property of the operon itself, as also revealed earlier (29) . Furthermore, the results obtained with cycA reveal both oxygen-sensitive and oxygeninsensitive transcription initiation (35) , with PrrA being involved only in the former. It is abundantly clear that it is unnecessary to invoke a superoperonal model to explain these results for R. sphaeroides. We have also shown that puhA gives rise to two transcripts and, by analogy to cycA, the effect of PrrA on one of these is sufficient to explain the results observed here. Finally, we demonstrated earlier (28) and more recently confirmed (22) that the large puf operon transcript is not a precursor of the smaller transcript in R. sphaeroides.
Because of these results, we believe that the model presented here is quite different from that suggested for the role of RegA in the regulation of photosynthesis gene expression in R. capsulatus (47) . Experiments are in progress to test this working hypothesis.
